Two different estimates were obtained for the extent In this report we present estimates of nucleotide sequence divergence in the structural genes of the tryptophan synthetase a-chains of three bacterial species. Two estimates are presented, one based on amino acid sequence comparisons and the other on mRNA-DNA stability measurements. The difference in the two estimates leads us to suggest that synonymous codon changes have accumulated in the a-chain-struetural gene during divergence of the three bacterial species from their common ancestor.
Studies of amino acid sequence variation (1) and nucleotide sequence divergence (2, 3) have provided much information on the extent and nature of evolutionary changes at the molecular level. Conclusions derived from such studies have stimulated interest in the question of the essentiality of selection in the preservation of molecular changes (4) (5) (6) .
Selection most certainly can operate at the protein level- but are all the amino acid differences observed in related proteins selectively advantageous in their respective organisms? Selection presumably may operate at the nucleotide level, but do synonymous codon changes accumulate in structural genes during the course of evolution, and are any of such accumulated changes nonselective?
In this report we present estimates of nucleotide sequence divergence in the structural genes of the tryptophan synthetase a-chains of three bacterial species. Two estimates are presented, one based on amino acid sequence comparisons and the other on mRNA-DNA stability measurements. The difference in the two estimates leads us to suggest that synonymous codon changes have accumulated in the a-chain-struetural gene during divergence of the three bacterial species from their common ancestor.
MATERIALS AND METHODS
The bacterial strains used in this study have been described (7) . Phage 58OtrpE-A-190 (this phage has also been designated 480pt190) carries the entire trp operon. It was kindly provided by Dr. B. Hall. Phages 080trpA-4a and d80trpA-37 were isolated in this laboratory. Both carry trpA and the region between trpA and att8O. 08OtrpA-4a has about 500 base pairs of trpB, while p80trpA-37 probably has less than 100 base pairs of trpB (T. Platt, unpublished data).
Hybridization was performed with denatured DNA immobilized on Sehleicher and Schuell membrane filters, essentially as described by Gillespie and Spiegelman (8) . 3H-Labeled RNA was incubated with DNA-containing filters for 18 hr at 65°. Further treatments are described in Tables 2  and 3 , or in greater detail elsewhere (7) . Radioactivity was determined in a Packard liquid scintillation spectrometer.
Liquid samples were mixed with a Triton X100 scintillation fluid.
3H-Labeled RNA used in hybridization experiments was prepared from cells labeled as described in Tables 2 and 3 . The RNA extraction and characterization procedures have been reported (9, 10). In Exps. 1-4, the elution buffer was 0.01 M Tris * HCI (pH 7.5)-0.10 M KCl-1 mM EI)TA. In Exp. 5, the elution buffer was 0.015 M Na citrate-0.15 M NaCi (pH 7.0). RNA was isolated from derepressed cells pulse-labeled with [3H]uridine (7). Labeled RNA was annealed for 18 hr at 650 to 8 ,ug of denatured DNA of transducing phage or of the parental phage, +80, immobilized on membrane filters. After a wash of the filters at room temperature with hybridization buffer, and for 5 min with elution buffer (to bring the DNA-RNA hybrids to the salt concentration of the elution buffer), the filters were heated in 0.7 ml of elution buffer for 7 min (Exps. 1-4) or 10 min (Exp. 5). After each incubation, the buffer was removed, fresh buffer was added, and the cycle was repeated at a higher temperature (30). After the heating cycles were complete, any remaining RNA was eluted by heating the filters for 15 min at 98°. Eluted RNA was mixed with a Triton X100 scintillation fluid and counted. Trp mRNA in any sample is taken as the radioactivity eluted from filters with transducing phage DNA minus the low level of RNA eluted from filters with 080 DNA. (The correction is greatest for the first three points, since the largest fraction of nonspecifically bound, labeled RNA elutes at low temperatures.) Each value in the table is a mean Ti/, (the temperature at which 50% of the trp RNA is eluted), plus or minus the standard deviation. The number of independent determinations appears in parentheses.
Control experiments with 32P-labeled phage DNA indicated that a small amount of DNA elutes from filters under the elution conditions. This elution could result in a slight underestimation of the Ti/2. Since elution of DNA from filters is greatest at high temperatures, E. coli determinations would have the greatest error.
RESULTS

Comparison of the amino acid sequences of tryptophan synthetase a-chains
The complete amino acid sequence of the tryptophan synthetase a-chain of E. coli has been established (11) , and probable sequences for the a-chains of S. typhimurium and A. aerogenes have been deduced (12, 13) . Fig. 1 indicates the positions in the respective a-polypeptides at which amino acid differences exist. There are 58 positions with differences (21%) in the three-species comparison of this protein of 268-9 residues (13). The carboxyl terminal 10% of the molecule is more variable than the remainder; about one-third of the residue differences are in this segment (13) .
Pattern of base substitutions
By referring to the genetic code, we have deduced the minimum number of base differences that could be responsible for the amino acid differences between each pair of a-chains (Table 1 ). This information is of interest in relation to the GC content of the DNA of the three organisms; E. coli and S. typhimurium DNA have similar base compositions, 51% GC and 52% GC, respectively, while A. aerogenes DNA contains 56% GC base-pairs. For each of the three comparisons in E. coli RNA was obtained from cultures pulse-labeled for 2 min with ['H]uridine after 10 min of derepression at 370, achieved by the addition of 3-indolylacrylic acid. RNA from S. typhimurium and A. aerogenes was obtained from cultures grown and labeled at 250. The cultures were derepressed with 3-indolylacrylic acid for 12 minm Ltryptophan and rifampicin were added, and, after an additional 2 min, the cultures were exposed to ['H]uridine for a 1.5-min pulse period.
[3H] RNA from each species was annealed to denatured, immobilized t080trpA-37 DNA at 65°for 18 hr. After the first hybridization period, the filters were removed from the vials, fresh filters were added, and the incubation was repeated. Hybridization was performed in Tris * HCl-EI)TA (see Table 2 ). Filters were washed with hybridization buffer at room temperature and either counted, or eluted in 0.15 M NaCl-0.015 M Na citrate at various temperatures in a 0.6 ml volume for 10 min per cycle. The temperature was increased 40 per cycle.
of E. coli (14) , could have been solely responsible for the higher GC content of the DNA of A. aerogenes.
Stability of heterologous mxRNA-DNA hybrids In.a previous-study, we showed that trp mRNA isolated from various Enterobacteria could be hybridized to DNA of the E. coli trp operon, but that the thermal stability of heterologous trp mRNA-trp DNA hybrids was appreciably lower than that of the homologous E. coli mRNA-DNA hybrid (7), in agreement with the results of extensive studies of nucleic acid homology with the same (bacterial) and other species (2,3).
In Table 2 we have summarized thermal stability data for homologous and heterologous mRNA-DNA hybrids formed at 650 with trp mRNA from the three bacterial species. The heterologous hybrids melt at much lower temperatures than the homologous hybrid and, as noted (7), the AT1/, for trp mRNA corresponding primarily to the trpA end of the S. typhimurium operon (see 080trpA4a data, containing trpD revealed the reverse situation i.e., heterologous hybrids formed with trpD DNA are more stable than those formed with DNA of the entire operon (7) . In addition, the trp mRNA used in our experiments is extensively fragmented (7) .
Since the primary objective of our hybridization studies was to obtain an estimate of the extent of nucleotide sequence homology in trpA of the three bacterial species, we sought and isolated a phage containing predominantly the trpA region of the E. coli operon. This phage, 80trpA-37, as shown by genetic analyses and RNA nucleotide sequence studies (T. Platt, unpublished data) probably contains no more than 100 nucleotide pairs of trpB, in addition to intact trpA (804 nucleotide pairs). As indicated in the legend to Table 3 in which it was shown that the equilibrium of the annealing reaction was much less favorable with heterologous than with homologous trp mRNA. Furthermore, S. typhimurium trpA mRNA that did not anneal to E. coli trpBA DNA during four successive 16-hr hybridization periods, readily annealed to phage DNA containing S. typhimurium trpA (R.M.D. unpublished data). Thus, it is likely that the heterologous hybrids examined in our thermal elution experiments contained only a portion of the heterologous trpA mRNA in each sample and were enriched for the fraction with sequences most like that of trpA of E. coli. The effect of partial fragmentation of trp mRNA during the hybridization period on the stability of hybrids has not been thoroughly investigated, but such fragmentation does not appear to affect Ty/, values appreciably.
Estimation of nucleotide sequence divergence in a-chain genes On the basis of the data we have presented, it is possible to derive two estimates of the extent of divergence of the nucleotide sequences specifying the tryptophan synthetase achains of the three bacterial species. Estimates based on the amino acid sequence differences between the a-chains of E. coli and S. typhimurium, and of E. coli and A. aerogenes, suggest that there is a minimum of 6.3-7.6% and 5.5-6.2%
base-pair differences, respectively (Table 4 ) between the achain genes. The depression in the melting temperatures of trpA mRNA-trpA DNA hybrids also provides a basis for estimating the extent of nucleotide sequence homology. The most recent and thorough investigation of the relationship between AT1/, and base mispairing in nucleic acids suggests that 1% mispairing in heterologous hybrids lowers the Ty/, by about 1.5'C(16). Using this relationship, we calculate from our thermal stability data that there are approximately 11.3-12.6% base-pair differences between the trpA sequences of E. coli and S. typhimurium and about 12.0-14.1% basepair differences between the trpA sequences of E. coli and A. aerogenes (Table 4) *. Comparison of the two estimates of base-sequence homology suggests that synonymous codon differences in trpA are quite common; perhaps about as many base differences do not alter the amino acid sequence as those that do. DISCUSSION There are very few instances in which it has been possible to determine whether synonymous codon changes have accumulated during the course of evolution. In the most definitive study performed to date (18) , it was shown that synonymous codon differences are quite common in the nucleotide sequences specifying the coat proteins of related RNA bacteriophages; as much as 15-to 20-times more frequent than differences responsible for amino acid changes. However, since there appears to be extensive secondary structure within coat protein RNA (19, 20) , and such secondary structure may not be a common feature of bacterial and eukaryotic messenger RNA, one is hesitant to extrapolate from these findings. Table 3 .
Our estimates of nucleotide sequence differences between the a-chain-structural genes for tryptophan synthetase of E. coli and S. typhimurium, and of E. coli and A. aerogenes, when based on thermal stability studies with mRNA-DNA hybrids, are about double the estimates based on amino acid sequence differences (Table 4) . It would appear, therefore, that synonymous codons have accumulated in trpA of the three bacterial species examined. It should be emphasized, however, that our estimate of sequence homology based on mRNA-DNA thermal stability data could be in error. The hybridization analyses indicate that we have examined the stability of only a fraction of heterologous trpA mRNA-that fraction whose sequences are most like those of E. coli. This conclusion is based in part on the observation that the stability of second-round heterologous hybrids (Tables 3 and 4) is lower than that of first-round hybrids. In addition, nucleotide sequences corresponding to some regions of the gene, perhaps the more variable terminal 10% of the amino acid sequence, may not hybridize at all under our conditions. Furthermore, in similar studies with other material (3), it was shown that at slightly lower annealing temperatures a greater fraction of heterologous sequences hybridize, and the resulting hybrids have lower T1/, values than hybrids annealed at higher temperatures. Although this variable was not explored in our investigations, it is likely for this and the other reasons mentioned that our thermal stability data provide a minimum estimate of the AT,/, value that should be obtained with heterologous trpA mRNA. Also, the relationship between melting temperature and base-mispairing used in our calcula-* If we perform the same calculation using the previously accepted relationship (17)-1% mispairing in heterologous hybrids depresses the Ti/, by about 0.6°-the estimate of the fraction of mispaired bases increases appreciably.
tions was determined in studies with nucleic acids with unnaturally modified bases (16) , and therefore may be in error. Ultimately, nucleotide sequence studies with trpA mRNA of the various species should provide accurate values for the extent of base-sequence and synonymous codon differences.
In view of the observations discussed, the possibility that synonymous codon changes do accumulate during the course of evolution should be given serious consideration. Although synonymous codon changes are selectively neutral in regard to protein structure and function, selective constraints certainly may operate at the nucleic acid level. Secondary structure in the coat protein message of RNA phages, structure which is presumably functionally advantageous, is an excellent example illustrating the opportunity for selection at the nucleotide sequence level. When natural selection acts to determine both protein and nucleic acid structure, synonymous codon changes may play an important role in satisfying functional requirements of both types of macromolecules. Additional information on synonymous codon changes is needed if we are to understand the role of such changes in evolution.
